The hippocampal formation (HF) of food-storing birds is larger than non-storing species, and the size of the HF in food-storing Black-Capped Chickadees (Poecile atricapillus) varies seasonally. We examined whether the volume of the septum, a medial forebrain structure that shares reciprocal connections with the HF, demonstrates the same species and seasonal variation as has been shown in the HF. We compared septum volume in three parid species; non-storing Blue Tits (Parus caeruleus) and Great Tits (Parus major), and food-storing Black-Capped Chickadees. We found the relative septum volume to be larger in chickadees than in the non-storing species. We also compared septum and nucleus of the diagonal band (NDB) volume of Black-Capped Chickadees at different times of the year. We found that the relative septum volume varies seasonally in food-storing birds. The volume of the NDB does not vary seasonally. Due to the observed species and seasonal variation, the septum, like the hippocampal formation of food-storing birds, may be specialized for some aspects of food-storing and spatial memory.
INTRODUCTION
Behaviors that rely on an accurate and extensive memory for spatial locations, such as homing in pigeons and food caching in some avian species, requires a functioning hippocampal formation (HF) Bingman et al., 1995; Hampton and Shettleworth, 1996; Gagliardo et al., 1999; Strasser and Bingman, 1999) . Furthermore, the HF is larger with respect to telencephalon in such species than in species that do not show these behaviors (Krebs et al., 1989; Healy and Krebs, 1992; Hampton et al., 1995; Rehkamper et al., 1995) . In at least one food-storing species, the Black-Capped Chickadee (Poecile atricapillus), an increase in caching behavior in the Fall coincides with an increase in the volume and number of neurons in the HF (Smulders et al., 1995 (Smulders et al., , 2000b , which is likely due to an increase in the survival of newly generated neurons in the HF Nottebohm, 1994, 1996) .
The avian HF shares reciprocal connections with the septum, a set of forebrain nuclei consisting of the medial and lateral septum and the nucleus of the diagonal band (NDB) (Krayniak and Siegel, 1978a,b; Szekely and Krebs, 1996; Szekely, 1999) . In birds, the septum is known to be involved in the regulation of aggression and courtship behavior (Cooper and Erickson, 1976; Goodson et al., 1999) . This function is likely a result of the septum's connections with hypothalamic nuclei (Krayniak and Siegel, 1978b) . The function of reciprocal connections between the hip-pocampus and septum in birds is not known. However, in mammals, septo-hippocampal interactions are necessary for the acquisition and consolidation of spatial memory (Chrobak et al., 1989; Poucet et al., 1991; Chrobak and Napier, 1992; Poucet and Buhot, 1994; Walsh et al., 1998) .
If the septum is also important for spatial memory in birds, then one prediction is that species selected for accurate and extensive spatial memory, as in the case of food-storing birds, will possess a larger septum relative to overall brain size. Alternatively, the septum, known to mediate species-specific social behaviors, may be involved in some aspects of behavior not related to memory. In the first experiment of this study, we examined whether differences in the volume of the septum exist between a storing species, the Black-Capped Chickadee, and two non-storing species from the same genus, Great Tits (Parus major), and Blue Tits (Parus caeruleus). In the second experiment, we examined septum volumes in BlackCapped Chickadees sampled at different times of the year to determine whether the volume of the septum varies seasonally in this species.
METHODS

Experiment 1: Species Comparison of Septum Volume
Subjects. Eight Black-Capped Chickadees (four males, four females) were captured in the Ithaca, NY area between March and April 1998 using mist nets and Potter's traps. Eight Great Tits (four males, four females) and seven Blue Tits (three males, four females) were captured in Brecht, Belgium during March 1998. Birds were taken into the laboratory on the day they were caught; age and sex were determined after perfusion. Age was determined based on the ossification of the skull: juvenile (skull not completely ossified) and adult (ossified skull). Unless otherwise noted, only adult birds were used for analysis.
Histology. Birds were anesthetized with a lethal dose of Chloropent (Fort Dodge Labs, Overland Park, Kansas) and transcardially perfused with 0.9% saline and 0.1% sodium nitrite in a 0.1 M sodium phosphate buffer solution (pH 7.4), followed by 4% paraformaldehyde in sodium phosphate buffer (PB). Each brain was removed immediately, postfixed for 1 h at 4°C, and transferred to 30% sucrose in a 4% paraformaldehyde/PB solution for 2-3 days at 4°C until the brain sank. The brains were embedded in 10% gelatin/30% sucrose and stored in a 4% paraformaldehyde/PB solution for 2-3 days. The brains were then sliced coronally on a freezing microtome at 40 m and transferred to small vials filled with cryoprotectant. The vials were stored at Ϫ20°C until they were mounted, stained with cresyl-violet, and coverslipped. Every sixth section was mounted and stained in this manner, with other sections being used for a separate immunohistochemical study.
Volume Measurements.
Septum and Nucleus of the Diagonal Band. Using a camera lucida mounted on a light microscope, line drawings of the septum and the NDB were made at 240 m intervals. The septum boundaries were defined as follows: The dorsal boundary of the septum coincided with the ventral boundary of the hippocampus; the lateral boundary was defined by the lateral ventricle; the ventral boundary in rostral sections was defined by the appearance of the septomesencephalic tract and in medial/caudal sections by the appearance of the anterior commisure, as well as changes in cell density (Fig.  1) . The septomesencephalic tract defined the dorsal and lateral boundaries for the NDB, while ventral boundaries were delineated by a change in cell density. Medial boundaries were defined by the midline and appearance of the anterior preoptic nucleus. Boundaries were consistent across individuals and species. The experimenters were blind to the species and sex of the animal being measured. Line drawings of the septum and NDB were digitized and the surface area of each tracing measured on a Macintosh IIci using NIH Image 1.54. We calculated volumes of the septum and NDB by multiplying the surface area of each section by the sample interval distance and then summing the products.
Hippocampal Formation and Telencephalon. Sections were scanned with a video camera (COHU) and dig- itized on a Macintosh IIci using NIH Image 1.54. The area of the target structure was outlined and measured. We then calculated the volume by multiplying the surface area by the sample interval distance and then summing the products.
Statistical Analysis. To analyze the effect of several categorical variables (season, sex, age, storer vs. non-storer) on a single continuous variable such as the volume of a particular brain nucleus, we used the General Linear Model, which combines regression analysis and analysis of variance (Darlington and Smulders, 2001 ). This approach allows us to statistically control for covariates; in this case, we specified telencephalon volume (minus the target structure) as a covariate to examine the effect of different independent variables on the relative volume of the structure of interest, independent of changes in telencephalon volume. To ascertain the effect of food storing on target structure size, we assigned birds as either storers or non-storers and included this as a dichotomous fixed factor in the model. Sex of the bird was included as a dichotomous fixed factor as well. Significance is considered at p Ͻ 0.05.
Experiment 2: Seasonal Comparison of Septum Volume
Subjects. Forty-eight Black-Capped Chickadees (17 juvenile, 31 adult) of both sexes (23 female, 25 male) were caught near Ithaca, NY, under State and Federal permits. These birds were part of an earlier study (Smulders et al., 1995 (Smulders et al., , 2000b . Subjects were caught at six different times of the year, from October 1992 through December 1993. In the winter months, birds were caught with Potter's traps baited with food, and in the summer with song playback and mist nets. For each sample, multiple birds were typically caught on the same day from the same flock. Birds were taken into the laboratory on the day they were caught; age and sex were determined after perfusion. Age was determined based on the ossification of the skull: juvenile (skull not completely ossified) and adult (ossified skull). Unless otherwise noted, only adult birds were used for analysis.
Histology. Birds were anesthetized with a lethal dose of Chloropent (Fort Dodge Labs) and perfused transcardially with 0.8% saline and 10% formalin in 0.8% saline. The heads were then post-fixed in 10% formalin/0.8% saline for at least 1 day, after which the brain was removed from the skull, weighed, and allowed to post-fix for at least another day in formalin/saline. The brain was then transferred to 10% formalin in 30% sucrose, until it sank (2 to 3 days). It was weighed again and embedded in 10% gelatin/30% sucrose, which was hardened in 10% formalin/30% sucrose. The brains were then sliced coronally on a freezing microtome at 40 m and transferred to microscope slides. Alternate sections were stained with cresyl-violet and coverslips were placed with Permount (Fisher Scientific, Hampton, New Hampshire).
Volume Measurements. Volume measurements were conducted using the same structure boundaries and volume estimation methods as in Experiment 1. In this experiment however, we measured samples at an interval of 80 m, while in the previous experiment we measured samples at 240 m. It is likely that the smaller sampling interval will yield more accurate estimates of volume. However, since we are not comparing values from the two experiments, the different sampling intervals we used should have no influence on our results.
Statistical Analysis. As in Experiment 1, the General Linear Model was used, in this case to assess the effects of seasonality on target structure volume. We divided the year into six time periods: February, April, June, August, October, and December. Birds were assigned to one of the six groups based on their date of capture, and this value was included as a fixed factor in the model. Sex of the bird was included in the model as a dichotomous fixed factor. Telencephalon volume (minus target structure) was included in the model as a covariate. For post-hoc tests, the Fisher Least Significant Difference (LSD) test was performed and significance is considered at p Ͻ 0.05.
RESULTS
Experiment 1: Species Comparisons of Septum Volume
Septum. With Septum volume as the dependent variable, food-storing vs. non-storing as a dichotomous independent variable, and telencephalon volume (excluding septum) as a covariate, we found a significant effect of food storing on septum volume [F(1, 23) ϭ 4.67; p ϭ 0.043], and a significant effect of telencephalon volume [F(1, 23) ϭ 6.86; p ϭ 0.016] on septum volume. Black-Capped Chickadees, a food-storing species, have a larger septum than Great Tits and Blue Tits, two species from the same genus that do not store food (Fig. 2) . This species difference exists independent of the significant correlation between septum and telencephalon volumes.
Hippocampal Formation. With HF volume as an independent variable, food-storing versus non-storing as a dichotomous independent variable and telencephalon (excluding HF) as a covariate, we found a significant effect of food-storing on relative HF volume and a significant effect of telencephalon on HF volume [F(1, 23) ϭ 6.134; p ϭ 0.022]. Food-storing Black-Capped Chickadees have a larger HF than two closely related non-storing species, Great Tits and Blue Tits. We performed a partial correlation of HF and septum volume, controlling for telencephalon size (excluding HF and septum) and found a significant correlation [Partial correlation coefficient ϭ 0.5641; p ϭ 0.006]. However, when food-storing was controlled for statistically, the partial correlation between septum and HF volume became non-significant [Partial correlation coefficient ϭ 0.365; p ϭ 0.10], suggesting that septum and HF volume are not correlated independent of the observed co-variation between both structures related to food storing.
Experiment 2: Seasonal Comparisons of Septum Volume
Septum. We found a significant effect of time of year on septum volume [F(5, 28) ϭ 3.702; p ϭ 0.019], but no effect of sex [F(1, 28) ϭ 0.221; NS], or telencephalon volume (excluding septum) [F(1, 28) ϭ 1.02; NS], nor was there an interaction of season and sex [F(4, 28) ϭ 0.73; NS]. Post-hoc tests compared the mean of the October group to groups from other months, since in prior work on this tissue the HF was larger in the October sample than in other samples. The septum from the October group was significantly different from the February, June, and August groups [Fisher LSD, Oct Ͼ Feb, p ϭ 0.014; Oct Ͼ Jun, p ϭ 0.020; Oct Ͼ Aug, p ϭ 0.037]. Adult black-capped chickadees show seasonal variation in relative septum volume, because the septum is larger in October than in February, June, and August (Fig. 3) .
For the months of June, August, and October, we were able to differentiate adult from juvenile blackcapped chickadees. For these months, we examined the effect of age on septum volume by including it as a dichotomous fixed factor (juvenile vs. adult), along with season in the General Linear Model, while controlling for telencephalon volume by including it as a covariate. We found a significant effect of age [F(1, 30) ϭ 9.92, p Ͻ 0.01], as well as a significant effect of season [F(2, 30) ϭ 8.12, p Ͻ 0.01], but no interaction of age and season [F(2, 30) ϭ 0.60; NS] (Fig. 4) . Adult black-capped chickadees have a larger septum relative to telencephalon volume than do juvenile chickadees.
Hippocampal Formation. We performed a partial correlation between the volume of the HF and the septum, controlling for telencephalon volume (ex- Figure 2 Scatterplot of septum volume (Y axis) against telencephalon (X axis) for three species of paridae. Black squares denote food-storing Black-Capped Chickadees; gray circles denote non-storing Blue Tits; asterisks denote non-storing Great Tits. The majority of cases of BlackCapped Chickadees fall above the regression line, while the majority of cases of the two non-storing species fall below the regression line. cluding HF and septum) and found a significant correlation [Partial correlation coefficient ϭ 0.3864; p ϭ 0.042]. However, when season of capture was also controlled for statistically, the correlation between HF and septum volume became non-significant [Partial correlation coefficient ϭ 0.2813, p ϭ 0.15], suggesting that septum and HF volume are not correlated independent of the observed co-variation between both structures related to seasonality.
Nucleus of the Diagonal Band.
With NDB as the dependent variable and telencephalon, sex and time of year as independent variables, we found no effect of telencephalon [F(1, 28) (Fig. 5) .
DISCUSSION
The results of this study demonstrate that the neural specializations of food-storing birds are not confined to the HF, but also include the septum, a set of forebrain nuclei sharing reciprocal connections with the HF. Species comparisons demonstrate a larger relative septum volume in food-storing Black-Capped Chickadees versus closely related but non-storing Blue Tits and Great Tits. Furthermore, the septum volume in Black-Capped Chickadees increases during the fall when chickadees exhibit peak caching behavior. This seasonal increase in structure volume is not a general phenomenon across all regions of the brain since the NDB, which sends projections to the HF, does not show seasonal changes in volume. In both the food-storing and non-storing populations sampled, the size of the septum and HF show a high degree of correlation independent of any variation in overall telencephalon size. However this correlation is not independent of such factors as seasonality or food storing. It is unknown whether these factors act independently on the size of the septum and HF, or whether sizes changes in one structure result in changes in the other structure.
As has been shown previously (Smulders et al., 1995) , the HF is smaller in juveniles than in adult chickadees. We were not able to distinguish between juvenile and adults in the chickadees that made up our samples for the months of December, February, and April. Therefore, the lower average septum volume observed in December and February could potentially be a result of including juvenile birds in these samples in which these structures had not yet achieved adult volume. However, at the times when adult and juvenile chickadees can be distinguished (i.e., June, August, and October), we find that the relative volumes of the septum and HF are greater in October relative to June and August for both adults and juveniles. Therefore the seasonal increase in relative septum volume in October is independent of any effect of age on septum volume.
The mechanisms responsible for seasonal plasticity in septum volume are unknown. Seasonal changes in the HF have been shown to be associated with an increase in neuron number (Smulders et al., 2000b) , probably due to increased survival of newly generated neurons Nottebohm, 1994, 1996) . An increase in cell number might also be responsible for volume changes in the septum. Alternatively, the increase in volume could be a result of an increase in the size of neurons already present in the septum. A count of cells within the septum would distinguish between these alternative hypotheses.
A number of intrinsic and extrinsic factors may be responsible for seasonal variation in the septum and HF. Extrinsic factors such as temperature, day length, or onset of food storing behavior, or intrinsic factors such as hormone fluctuations and neurotrophin actions, or some interaction of factors may be responsible for seasonal neural plasticity. The actual act of storing food has been shown to trigger an increase in hippocampal volume in juvenile Marsh Tits compared to that of juveniles not allowed to store food (Clayton, 1994 (Clayton, , 1995 Chittka and Geiger, 1995) , however, this does not appear to be the case for adult birds (Cristol, 1996) . Other extrinsic factors, such as light and temperature, have been shown to cause changes in performance on spatial memory tasks, and have not been associated with any changes in the volume of the HF (Krebs et al., 1995; Shettleworth et al., 1995) . This dissociation between behavioral and brain changes may be explained by the artificial and stressful conditions of a laboratory setting (Smulders et al., 2000a) . Future studies could examine in more detail the factors that may trigger seasonal changes, and whether these changes act on the septum as well.
In addition to seasonal changes in septum volume, comparisons between the food-storing chickadee and two non-storing birds within the same genus, the Great Tit and Blue Tit, reveal a larger relative septum and HF volume in chickadees than the other two species Krebs, 1992, 1996; . Since there are no non-storing species of Paridae in North America and we wanted to keep our comparisons within the same genus, we used nonstoring Parid species from Europe. Because of this, our comparison of food-storing and non-storing species is also a comparison of species from different habitats. While it remains a possibility that differences in habitat are responsible for the observed species differences in septum volume, we can find no obvious reason why this should be the case. A comparison of storing and non-storing paridae from the same habitat would resolve this issue.
If the septum and HF indeed function together in some aspects of spatial memory processing, a foodstoring bird may have more neurons in both structures or there may be more connections between the two structures associated with the demands of food caching on spatial memory. Indeed, the septum in rats is important for spatial memory, as shown by experiments in which it has been lesioned or inactivated (Bostock et al., 1988; Chrobak et al., 1989; Poucet et al., 1991; Poucet and Buhot, 1994; Walsh et al., 1998) .
One important function of the septum in mammals is to establish the theta rhythm, a 4 -10 Hz rhythmical pattern of electrical activity within the HF. This activity is thought to be correlated with the acquisition of sensory information by the HF and may be important in the reinforcement and consolidation of memories (Mitchell et al., 1982; Stewart and Fox, 1990; Chrobak and Napier, 1992) . The septum also contains cholinergic cells that project to the HF. Acetylcholine is thought to regulate the theta rhythm in mammals and have a modulatory affect on cell function in the HF (Monmaur et al., 1997; Keita et al., 2000) . A theta-like pattern of activity was recently found in homing pigeons (Siegel et al., 2000) ; whether the septum is involved in generating this activity in pigeons is not known.
The NDB, which is a separate part of the septal complex, is found in both birds and mammals. Cells in both the NDB and medial septum give rise to the septo-hippocampal pathway that sends both cholinergic and GABAergic projections to the HF (Amaral and Kurz, 1985; Wainer et al., 1985) . The fact that the NDB did not show seasonal plasticity in the birds we investigated suggests that its role is different from that of the rest of the septum and that it may not be involved in seasonal spatial memory behavior.
The inference that variation in the size of the septum reflects some role in the processing of spatial memory is complicated by the fact that the septum is involved in a number of diverse behaviors. It is possible that variation in the size of the septum reflects some species-specific behaviors not related to memory. One proposed function of the avian septum is to regulate behavior based on the animal's internal state (Cooper and Erickson, 1976; Font et al., 1998; Goodson et al., 1999) . Since food-storing behavior is sensitive to the internal state of the animal as well as the social context (Lucas and Walter, 1991; Lahti and Rytkonen, 1996) , it is possible that the larger septum in food-storing Black-Capped Chickadees is somehow related to the modulation of food-storing behavior. Furthermore, the social organization of BlackCapped Chickadees varies seasonally, as chickadees form stable flocks in the winter months (Smith and Van Buskirk, 1988) . Seasonal variation in septum volume in Black-Capped Chickadees may be related to this seasonal change in social organization. It is therefore possible that our findings may reflect the septum's role in modulating species-specific behaviors independent of any role in processing memory.
Our results demonstrate that the neuroanatomical specialization of food-storing birds includes size increases in both the HF and septum. The septum is larger in food-storing species than in closely related non-storing species. Among food-storing BlackCapped Chickadees, the septum, like the HF, increases in volume in the fall coincident with the onset of food-storing behavior. This evidence suggests that the memory specialization in food-storing birds may be attributable in part to an alteration of the interactivity between the septum and HF.
